Focal changes in the cerebral metabolic rate of glucose utilization (CMR glc ) are small (10-40%) during sensory activation in awake humans, as well as in awake rodents and primates (20-50%). They are significantly larger (50-250%) in sensory activation studies of anesthetized rats and cats. Our data, in agreement with literature values, show that in the resting anesthetized state values of CMR glc are lower than in the resting nonanesthetized state whereas the final state values, reached upon activation, are similar for the anesthetized and nonanesthetized animals. The lower resting anesthetized state values of CMR glc explain why the increments upon activation from anesthesia are larger than when starting from the nonanesthetized conditions. Recent 13 C NMR measurements in our laboratory have established a quantitative relationship between the energetics of glucose oxidation, CMR glc (oxidative), and the f lux of the glutamate͞ ␥-aminobutyric acid͞glutamine neurotransmitter cycle, V cycle . In both the resting awake value of CMR glc (oxidative), and its increment upon stimulation, a large majority (Ϸ80%) of the brain energy consumption is devoted to V cycle . In the differencing methods of functional imaging, it is assumed that the incremental change in the measured signal represents the modular activity that supports the functional response. However, the same amount of activity must be present during the response to stimulation, irrespective of the initial basal state of the cortex. Thus, whereas the incremental signals of ⌬CMR glc can localize neurotransmitter activity, the magnitude of such activity during the response is represented by the total localized CMR glc , not the increment.
Modern imaging methods detect regional changes in functional brain activity by assuming coupling between brain glucose metabolism and the underlying neuronal activity. The principle that the rate of glucose metabolism in the brain reflects functional activity was first expressed by Roy and Sherrington in 1890 (1) . Since that time, there has been great progress in understanding the neuronal processes that support brain function such as action potentials and neurotransmitter action (2) (3) (4) , but understanding of the coupling between these cellular processes and glucose metabolism has been limited (5) . Only recently has there been evidence for a stoichiometric relationship between glucose oxidation and functional neuronal processes, in particular, to neurotransmitter fluxes (6) .
For a variety of technical reasons, functional metabolic imaging measures increments in regional brain glucose metabolism in response to peripheral stimulation. § During sensory stimulation these increments generally are small in awake humans (10) and animals (11) , with a maximum increase of about 40% for intense stimulations (12, 13) . Increments of about 10% are more usual during physiological visual stimuli (14, 15) or cognitive tasks (16) . The focus on incremental glucose metabolism has led to the prevailing view in the field that the increment represents the total energy required for functional activity (9) . Although rarely stated explicitly, this view is evidenced by the common interpretation of the magnitude of the increment as being correlated with the amount of functional activity of the region (17) . This interpretation of the increment in glucose metabolism has been justified by the agreement between lesion data (18) and functional images of incremental brain activity (19, 20) . However, the interpretation that incremental glucose metabolism reflects neuronal activity has been questioned recently by findings of decreases in regional glucose metabolism in cognitive tasks (9) .
The ability to relate glucose metabolism to functional activity in a quantitative manner had been limited by the lack of methods for measuring the activity of the specific neuronal processes that subserve function. Recently we have used in vivo 13 C magnetic resonance spectroscopy (MRS) to measure, in the cortex of the human (21) and rat (22) , the release of neuronal glutamate and its uptake into surrounding astrocytes. The rate of this process, referred to as the glutamate͞␥-aminobutyric acid (GABA)͞glutamine neurotransmitter cycle (V cycle ), was found in the rat to increase linearly in a 1:1 stoichiometry with glucose oxidation above pentobarbitalinduced isoelectric conditions (6) . In the mildly anesthetized rat, the rate of the V cycle is approximately 80% of the rate of total glucose metabolism. Preliminary studies indicate that in the awake nonstimulated human a similar high rate of the V cycle is present in occipital͞parietal cortex (23) . The measured stoichiometry supports recent proposals from cellular studies of a coupling between glutamate neurotransmitter cycling and glucose metabolism (24) . We recently have explored implications of this high baseline neurotransmitter activity for the interpretation of functional imaging (25) . It was concluded that because the incremental glucose metabolism during stimulation and the large brain activity at rest both represent similar neurotransmitter activity the assignment of the increment to the total neuronal activity required for performing the function was uncertain.
In this paper we further examine the relation between incremental brain glucose metabolism and functional activity by reanalyzing the results of sensory stimulation studies of animals under different depths of anesthesia. With several
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Abbreviations: CMRglc, cerebral metabolic rate for glucose utilization; GABA, ␥-aminobutyric acid; Vcycle, glutamate͞GABA͞glutamine neurotransmitter cycle; CBF, cerebral blood flow; fMRI, functional MRI; MRS, magnetic resonance spectroscopy; PET, positron emission tomography. † To whom reprint requests should be addressed at: Department of Molecular Biophysics and Biochemistry, P.O. Box 208043, 333 Cedar Street, Yale University, New Haven, CT 06510. § In many positron emission tomography (PET) studies cerebral blood flow (CBF) is measured because it is easier than the well-established PET measurements of cerebral metabolic rates of glucose (CMRglc) or oxygen (CMRO2). Likewise, most functional MRI (fMRI) experiments use an image contrast that is sensitive to changes in CBF. The high correlation between CBF and CMRglc (7, 8) has been used to justify the interpretation that the measured changes of CBF, in both PET and fMRI, reflect brain functional activity (9) . Because of the recent evidence for coupling between CMRglc and neurotransmitter activity (6), we focus here on CMRglc data.
anesthetics, the increases in electrical and glucose metabolism in response to sensory stimulation occur in the same regions as in the awake animal even though these anesthetics substantially reduce basal brain glucose metabolism (5, 7) . If the increment in glucose metabolism supports the neuronal activity associated with the function then the magnitude of the increment should be independent of the basal metabolic rate. Alternatively, if the functional neuronal activity requires a particular amount of glucose metabolism, rather than a particular increment, then the size of the increment should inversely correlate with the basal metabolic rate, being larger from anesthesia. Focal values of CMR glc , along with the evoked electrical single-unit response, were obtained from the literature for somatosensory and whisker barrel stimulation of anesthetized and nonanesthetized animals. The consequences of the findings for the current understanding of neuronal activity and neuroenergetics are discussed.
METHODS
Focal cortical values of CMR glc and evoked unit response were obtained from the literature for somatosensory stimuli as shown in Tables 1 and 2 . Parameters of each sensory stimulus, along with the anesthesia information, are listed in the tables.
CMR glc . The CMR glc data (in Table 1 ) were obtained from studies of anesthetized rats and awake monkeys. Most of the rat data were obtained by autoradiography (26) (27) (28) (29) (30) . Data from two studies of rats were obtained by 1 (31, 32) while the monkeys were studied by PET (11) . Long stimulations were used (Ͼ 40 min for autoradiography and MRS, and Ͼ 10 min for PET). The resting awake state values for rat and monkey, for specific regions of the brain, were obtained from refs. 33 and 7, respectively. The CMR glc value obtained by autoradiography and PET represent the total cerebral glucose metabolic rate, CMR glc (total), which is the sum of an aerobic component, CMR glc (oxidative), and an anaerobic component, CMR glc (nonoxidative). Previous 1 H[ 13 C] MRS studies on anesthetized rats have shown that CMR glc (oxidative)Ϸ0.9CMR glc (total) during both rest (31) and sustained stimulation (32) .
Evoked Unit Response. The evoked electrical unit response data (in Table 2 ) all were obtained from studies of rats (34) (35) (36) . Small glass microelectrodes (1-to 3-m tip size) were used to measure single-unit electrical recordings from the cortex in the vicinity of layer IV. Electrical recordings were measured for about 500-700 ms after stimulus. The stimulus duration was 20-25 ms. The control epoch was defined as 300-500 ms poststimulus, and the activated epoch was defined as 7-25 ms poststimulus. The stimulus was repeated 20-50 times, and the poststimulus histograms of the electrical response were stored. The intensities of the evoked unit responses in these histograms were calculated as: number of spikes in each epoch times 1,000͞(number of stimuli) ϫ (number of ms in epoch). The resting awake and anesthetized state values, for specific regions of the brain, were obtained from ref. 35 as determined from the evoked unit response when the stimulus was situated outside the region from where the maximum evoked responses in the cortex were measured.
RESULTS
Resting awake state values for the specific brain areas reported in Tables 1 and 2 were used to normalize the resting anesthetized state and activated state values, as shown in Fig. 1 . This approach allows the comparison of different regional in vivo data from rats and monkeys on the same vertical scale. In all cases, the activated state reached from the resting anesthetized state was higher than the resting awake state, and also beyond the SDs of the resting awake state plotted in Fig. 1 . As shown, the increases upon activation from anesthesia are very large. ϭ 0.07). The regression analysis of evoked unit response data was carried out with only three points, and a negative correlation was observed (R 2 ϭ 0.81).
DISCUSSION
Our survey of the literature on functional data from anesthetized and awake animals demonstrates that the increased activity caused by sensory stimulation raises CMR glc to values above the awake resting state (see Fig. 1 A) . Regional activity of the stimulated state is independent of whether the animal is anesthetized or awake (32) although activity in the rest of the brain is characteristic of awake or anesthetized states (31) . This activity leads to larger regional increments in CMR glc upon stimulation of anesthetized animals because unstimulated activity under anesthesia is lower. The results show that the response to a sensory stimulation requires a particular level of brain activity (as measured by CMR glc ), not a particular increment. Some implications of this finding for the interpretation of PET and fMRI are developed below. A limitation in interpreting the results of studies of anesthetized animals is that the effects of anesthetic on neuronal activity in the stimulated state are not completely characterized. The primary assumption in the analysis is that during stimulation the neuronal activity induced in the region is, to a first order, independent of the anesthetic used (5, 7). The energy provided by glucose metabolism supports a multitude of cellular activities related to function during a particular stimulation. Histologically, this focal complexity spans many cortical layers, usually layers I-IV, each layer having different cellular morphology and connectivities (37, 38) . Electrophysiologically, this localized complexity can be understood by the varied firing rates of single neurons during increased brain activity (39) . Histological evidence supporting the assumption about equal responses is that for the anesthetics used in the studies reviewed (40) the mapping of sensory stimuli with or without anesthetics revealed the same neuroanatomy of activation (5, 7) . From a standpoint of bulk electrophysiological activity the response to stimulation is also similar under anesthesia based on the independence of the evoked electrical response to the level of anesthesia as shown in Fig. 1B .
The resting state, as defined here and in the literature, is the rate of regional glucose metabolism without any peripheral stimulation. For the resting awake state values of CMR glc determined by autoradiographic methods, the ambient conditions for the experiment are significant because uncontrolled stimuli are likely to be present. Careful measures have been taken to avoid such influences upon the autoradiographic data Tables 1 and 2 , respectively, were used to normalize the resting anesthetized state and activated state values of CMRglc (A) and evoked unit response (B) from rats, cats, and monkeys on the same vertical scale. The mean Ϯ SD values of each resting awake state depicted possible variations in the awake state (black horizontal line represents mean and the gray horizontal lines represent the SD). The activated state reached from the resting anesthetized state is higher than the resting awake state, explaining why the increments upon activation from anesthesia are larger than when starting from the awake resting state. For the anesthetized animal the increment with stimulation raises the local activity to a level that is similar to that reached upon stimulation of the nonanesthetized awake state, which supports the suggestion that a particular magnitude of activity is a required response to a sensory stimulus and not a particular increment. Refer to Tables 1 and 2 for references. (33, 41) . On the other hand, anesthetized conditions keep the animal insensitive to such external influences. As a consequence of unavoidable stimuli, the values of CMR glc reported for the resting awake state are most likely higher than in the total absence of stimulation. However despite this possible overestimate, in all cases the value of CMR glc during activation was higher than in the resting awake state (Fig. 1 A) . Because it has been shown that the receptive fields delineated at the laminar level of the cortex with either tactile or electrical stimulation are indistinguishable (36) , the use of tactile and electrical stimuli in the studies surveyed here are essentially stimuli of the same nature. Estimate of the Neurotransmitter Cycle Flux in the Resting and Activated States from CMR glc . A previous limitation on the usage of CMR glc (or coupled neurophysiological parameters such as CBF) is that they measure the total energy requirements of the brain as opposed to measuring the energy requirements of specific functional neuronal activity. However, this limitation has been removed as we recently have shown, by 13 C MRS in the rat, that the rate of a specific neuronal activity, the V cycle , may be calculated from measurements of CMR glc (6) . Glutamate is the main excitatory neurotransmitter (42) and GABA the main inhibitory neurotransmitter (43) in mammalian cortex. Together glutamatergic and GABAergic cells account for more than 90% of cortical neurons (44) . In the V cycle , glutamate or GABA released by the neurons is taken up by the surrounding glial processes and converted into glutamine. With appropriate metabolic modeling, the rate of this pathway may be calculated from 13 C MRS measurements of glutamine synthesis (22) . We have shown in the rat cortex that above isoelectric conditions the rate of the glutamate͞glutamine cycle increases in an approximate 1:1 stoichiometry with oxidative glucose metabolism (6) . Under mildly anaesthetized conditions, the rate of the glutamate͞ glutamine cycle is approximately 85% of the rate of oxidative glucose metabolism [CMR glc (oxidative)].
These results provide a calibration, in the rat cortex, between CMR glc (oxidative) and the specific functional neuronal activity represented by the rate of the V cycle . The rat somatosensory cortex data may be converted to V cycle by the experimental relationship (in units of mol͞g per min) of V cycle ‫י‬ CMR glc (oxidative) Ϫ 0.10.
[1]
Because the intercept expression is small, even when compared with the lowest activated state in Tables 1 and 2 , essentially the same level of neurotransmitter cycling is achieved upon activation, independent of the different activities in the nonstimulated state. Implications for the Interpretation of Functional Imaging. The significance of the results (from anesthetized animals) for understanding brain activity becomes clear when we consider the protocol of the usual functional imaging experiments, with PET and fMRI, and its interpretation (9) . Although PET (and autoradiographic) measurements can determine neuroenergetic parameters directly, fMRI requires additional information for the quantitation (45, 46) . The underlying assumption of both of these functional imaging methodologies is that the regions involved in performing a sensory or cognitive function are located by an increase in their neuroenergetic requirements. In a simplified example of such an experimental design, a baseline image taken in the absence of a stimulation is subtracted, voxel by voxel, from one taken during sensory stimulation (47) . The difference image is tested for statistical significance and is displayed to localize the brain activity associated with the stimulation (48) . Although far more complex image processing paradigms are used in the field (49-51), they all depend on the ability to localize brain function based on increases in local energy requirements as reflected by CMR glc or coupled neurophysiological parameters.
Although not explicitly stated, the interpretation of many functional imaging experiments has depended on the more restrictive assumption that the increment in CMR glc (or coupled neurophysiological parameters) is proportional to the neuronal activity required by the task (9) . Any study (52) in which differences in signal intensity are used to distinguish the degree in which a region is recruited by a task or ''how strongly the brain areas react'' (17) depends on this assumption. In a recent paper (25) we addressed the impact of the finding of a high level of glutamate͞GABA͞glutamine neurotransmitter cycling in the nonstimulated brain. Increments in neurotransmitter cycling were calculated from reported increments in CMR glc with sensory and cognitive stimulations. In the presence of sensory stimulation the neurotransmitter activity, V cycle , is about 20-30% higher than in the basal awake state. If the difference in the imaging signal, ⌬S, is identified with the magnitude of neuronal activity supporting the function, then the baseline neuronal activity is implicitly assumed not to be associated with the function. The neglect of the basal CMR glc has been generally accepted because of the belief that most of the energy in this condition did not reflect functional neuronal activity (47, 48) . However, our relationship between CMR glc and V cycle indicates that the baseline awake value of this specific neuronal activity is quite substantial and in fact is larger than the incremental activity.
If the increment in CMR glc measures the energy required for supporting brain function then the incremental activity should be independent of the baseline. Starting from the resting anesthetized state, ⌬S should be the same as when stimulated from the resting awake state (in Fig. 2, compare A and C) . If, on the other hand, the total neuronal activity taking place in a region was needed to perform the task, then the final state during the task should be the same, regardless of the initial state, and the incremental signal, ⌬S, during the task will be larger under anesthesia (in Fig. 2, compare A and B) . These two possibilities are presented schematically in Fig. 2 . The animal experiments summarized in Tables 1 and 2 and Fig. 1 show that the incremental signal under anesthesia is significantly larger than when starting from the awake resting state. During stimulation, S is observed to rise to approximately the same absolute level above the resting awake state, independent of the initial state. These results support a view that nearly all the neuronal activity in a region is required for a task, and that this activity is much larger than found in a particular increment.
The finding that substantially more neuronal activity is involved in supporting function has implications for the interpretations of functional imaging experiments. Most significantly the ability to calculate the degree of involvement of a region in a process based on the magnitude of the increment must be used with caution. In sensorimotor cortex it appears, based on the present data, that most of the neuronal activity in the region is co-opted for supporting the perceptual process. However, there is no evidence supporting the ability to assign the entire or incremental neuronal activity to one function in cognitive tasks. Even in sensory regions there is substantial neuronal activity (and glucose consumption) in the nonstimulated state because of internal processes.
The high level of neuronal activity in the absence of stimulation provides an explanation for recent reports of negative signals in functional imaging experiments (53) . On the implicit assumption of cognitive psychology that brain activity exists only in response to a stimulus, the basal CMR glc has been considered to be dissociated from meaningful neuronal activity, serving essentially a housekeeping function. On this basis, a reduction in baseline activity during stimulation is not expected. Raichle (9) , facing such experimental decreases, suggested that ''the recognition of such changes probably represents an important contribution of functional brain imaging to our understanding of cortical function and should stimulate increased interest in the manner in which brain (1999) resources are allocated on a large systems level during task performance.'' We suggest that the negative signals may be explained by the present analysis. If the entire magnitude of neuronal activity, not just the increment, is required to support a function, then the negative signal indicates that the functional processes occurring in the baseline state required more activity than during the task. How the total magnitude is composed of individual neuronal contributions remains to be understood. However, the negative functional imaging signal does not require a novel explanation from this perspective. Rather it supports the importance of total regional activity for brain function.
SUMMARY
Our survey of the literature on functional data from anesthetized and awake animals demonstrates that the increased activity caused by sensory stimulation raises neurophysiological measures of activity, such as CMR glc and evoked unit response, to values above the awake resting state (Fig. 1) . This increment raises the local activity to a level that is similar to that reached upon stimulation of the unanesthetized awake state. On the other hand, activity in the anesthetized resting state is significantly lower than in the awake resting state, which leads to larger increases in the neurophysiological parameters upon stimulation of anesthetized animals. The results support the suggestion that a particular magnitude of activity is required during the response to a sensory stimulus and not just a particular increment.
FIG. 2. Schematic representation of possible increase in activity upon stimulation for an animal that is nonanesthetized (A) and anesthetized (B and C). The incremental functional imaging signal, ⌬S, obtained by differencing, is represented by the shaded rectangles and is normally used to reveal the focally activated regions. The remaining neuronal activity, which is represented by white rectangles, is ignored by the differencing method. For the anesthetized animal, the incremental activity shown by the shaded areas would be larger for B than for C. If the incremental activity needed to perform the task were modular, and therefore independent of the initial activity, then the increment should be the same for the resting anesthetized or resting awake states (compare A and C). If, on the other hand, the final level rather than the increment was needed to support the activity upon responding to stimulation, the incremental signal from anesthesia would be much larger than in the response from the awake state. The data summarized in Tables 1 and 2 and Fig. 1 show that the incremental signal under anesthesia is actually larger, and that during stimulation, S always rises to approximately the same absolute level independent of the initial basal state. These results support a view in which a particular magnitude of neuronal activity is required for a task (B), not a particular increment (C). 
